Urokinase-type plasminogen activator (uPA) and its receptor (uPAR) play an important role in the invasiveness of gliomas and other infiltrative tumors. In glioma cell lines and tumors, high grade correlates with increased expression of uPAR and uPA. We report here the downregulation of uPAR and uPA by delivery of antisense sequences of uPAR and uPA in a single adenoviral vector, Ad-uPAR-uPA (Ad, adenovirus). The bicistronic construct (Ad-uPAR-uPA) infected glioblastoma cell line had significantly reduced levels of uPAR, uPA enzymatic activity and immunoreactivity for these proteins when compared to controls. The Ad-uPAR-uPA infected cells showed a markedly lower level of invasion in the Matrigel invasion assays, and their spheroids failed to invade the fetal rat brain aggregates in the coculture system. Intracranial injection of SNB19 cells with the AduPAR-uPA antisense bicistronic construct showed inhibited invasiveness and tumorigenicity. Subcutaneous injections of bicistronic antisense constructs into established tumors (U87 MG) caused regression of those tumors. Our results support the therapeutic potential of targeting the individual components of the uPAR-uPA system by using a single adenovirus construct for the treatment of glioma and other invasive cancers.
Introduction
Urokinase and its high-affinity receptor, a glycosyl phosphatidylinositol-anchored membrane protein (CD87), are believed to be critical elements in tumor biology since they control cell motility, tissue remodeling, and the bioavailability of angiogenic factors. Formation of the uPA-uPAR complex at the cell surface is required for efficient activation of plasmin, a protease that can degrade the components of the extracellular matrix (ECM) (Ellis and Dano, 1993) . uPA is a 52-kDa serine protease secreted as an inactive single-chain proenzyme (pro-uPA) that is efficiently converted to an active two-chain uPA by plasmin (Nielsen et al., 1982) . Two-chain uPA in turn is a potent activator of plasminogen, leading to a powerful feedback loop that results in productive plasmin formation (Bugge et al., 1996) . However, both pro-uPA and plasminogen are catalytically inactive proenzymes and the mechanism by which uPA-mediated plasminogen activation is initiated is not fully understood. Although many studies have documented that uPAR has a central role in uPA-mediated cell surface plasminogen activation, recent studies with uPAR-deficient mice have demonstrated the existence of additional pathways of uPA-mediated plasminogen activation that are independent of uPAR. These additional pathways participate in physiological cell migration and fibrin dissolution (Bugge et al., 1996; Carmeliet et al., 1998) . For effective invasion, the precise distribution of uPAR apparently concentrates uPA at the leading edge of migrating cells, generating a fully activated proteolytic cascade in front of the invading tumor. The relevance of targeting uPA and uPAR for cancer therapy is supported by epidemiologic studies in which high-level expression of uPA and uPAR correlated with poor prognosis in several malignancies, including breast, stomach, brain, and lung (Sappino et al., 1987; Schmitt et al., 1992; Kobayashi et al., 1993; Yamamoto et al., 1994a, b; Foekens et al., 1995; Park et al., 1997) . Recently, we reported that downregulation of the uPAR level by using an antisense strategy involving an adenovirus construct inhibited glioma invasion in vitro and glioma tumor formation in vivo (Mohan et al., 1999) . Other reports indicated that downregulating uPAR expression with an antisense strategy induced a protracted period of dormancy, causing cells to be arrested at G0/G1 in vivo, but did not affect their growth in vitro (Yu et al., 1997; Adachi et al., 2002) . The expression of uPAR by human glioblastoma cells probably contributes to their invasive capacity (Mohanam et al., 1993) . Hence, a direct reduction in both uPAR and uPA levels would significantly retard the invasiveness of a glioma. In the present study, we constructed a bicistronic, replicationdeficient adenovirus vector containing antisense uPAR and antisense uPA with the intent of downregulating both uPAR and uPA levels in human gliomas. We examined the biological activity of this Ad-uPAR-uPA construct in human glioma cell lines, both in vitro and in vivo.
Results
Ad-uPAR-uPA infection decreased uPAR protein levels and uPA activity in the glioblastoma cell line SNB19
Western blot analysis was performed to examine the effect of Ad-uPAR-uPA infection on uPAR protein levels in SNB19 cells. Figure 1a shows that the uPAR protein band (MR 60 000) decreased in a dose-dependent fashion as the multiplicities of infection (MOI) increased. Quantification of uPAR protein bands on Western blots by densitometry showed a significant (Po0.001) decrease in the cells infected with Ad-uPARuPA at 25 MOI. For cells infected with Ad-uPAR-uPA at an MOI of 50, this decrease reached more than 90% when compared to Ad-CMV-infected control cells (CMV, cytomegalovirus). Figure 1a also showed that the Ad-uPAR antisense construct also decreased the levels of uPAR, as is consistent with our earlier report (Mohan et al., 1999) , but this effect was much less when compared with the bicistronic construct (Ad-uPARuPA) . Figure 1b shows that the decrease in the uPAR protein level was related to time; that is the SNB19 cells infected with Ad-uPAR-uPA at 100 MOI showed an 80% decrease in uPAR level by day 4. The b-actin levels did not change under any of the above conditions, indicating that a similar amount of protein had been loaded in each lane.
Fibrin zymography
Fibrin zymography was performed to examine the effect of Ad-uPAR-uPA infection on uPA enzymatic activity Figure 1 Western blot analysis of uPAR and fibrin zymography for uPA. SNB19 cells infected with Ad-CMV, Ad-uPAR and AduPAR-uPA for 4 days at the indicated MOI and uPAR levels were determined by Western blotting (a). SNB19 cells infected with Ad-CMV, Ad-uPAR, and Ad-uPAR-uPA at 100 MOI at the indicated time points and uPAR protein levels were determined by Western blotting (b). Cell-bound uPA activity of SNB19 cells infected with Ad-CMV, Ad-uPAR and Ad-uPAR-uPA for 6 days in serum-free medium at the indicated MOI as determined by fibrin zymography (c). Cell-bound uPA activity of SNB19 cells infected with Ad-CMV, Ad-uPAR and Ad-uPAR-uPA at 100 MOI at the indicated time points as determined by fibrin-zymography (d). Protein levels of uPAR and uPA activity on Western blots and fibrin zymography were quantified by densitometry and the data are presented as mean values from four separate experiments. (7s.d.; Po0.001). In addition b actin antibodies were used to verify that similar amounts of protein had been loaded in each lane. Arbitrary units were calculated differently for uPAR and uPA in SNB19 cells. Figure 1c shows that the uPA enzymatic activity (MR 55 000) decreased in a dosedependent fashion as the MOI increased. Densitometric quantification of the uPA enzymatic activity on the fibrin zymograms showed a significant decrease in the cells infected with Ad-uPAR-uPA at an MOI of 50. This decrease reached more than 90% of the cells infected with Ad-uPAR-uPA at an MOI of 200 (with the percentage decrease determined relative to those in Ad-CMV-infected control cells). The decrease in uPA enzymatic activity also was related to time as SNB19 cells infected with 100 MOI of Ad-uPAR-uPA showed a 90% decrease in uPA activity by day 5 (Figure 1d ).
Ad-uPAR-uPA infection decreased uPAR and uPA immunoreactivity and angiogenesis
Immunohistochemical analysis was performed to examine the effect of Ad-uPAR-uPA infection on uPA and uPA protein intensity in SNB19 cells. Figure 2 (Figure 2b ). The effect of the bicistronic construct to inhibit capillary-like structures was much higher when compared to Ad-uPAR-, Ad-CMV and mock-infected cocultures. ) were seeded in eight-well chamber slides, incubated for 24 h, and infected with 100 MOI of Ad-CMV, Ad-uPAR or AduPAR-uPA. After 72 h, cells were fixed, washed for 1 h with blocking buffer and stained for uPAR and uPA using specific antibodies for either uPAR or uPA. Ad-uPAR-uPA inhibited tumor-induced angiogenesis (b). SNB19 cells (2 Â 10 4 ) were seeded in eight-well chamber slides and infected with indicated MOI of Ad-CMV, Ad-uPAR and Ad-uPAR-uPA. After 24 h incubation, the medium was removed and the cells were cocultured with 4 Â 10 4 human endothelial cells. After 72 h, endothelial cells were stained for factor VIII antigen and examined under a confocal scanning laser microscope Ad-uPAR-uPA infection decreased cellular migration from spheroids Spheroids composed of the mock-infected control cells showed significant migration of cells from the spheroids, which was comparable to the migration from spheroids composed of cells infected with Ad-CMV. The migration of cells from Ad-uPAR-uPA-infected spheroids showed significantly less migration when compared to Ad-CMV and mock controls. The effect of Ad-uPARuPA construct showed neither attachment to the chamber slides nor migration of cells from the spheroids (Figure 3a ) and the effect is dose dependent.
Ad-uPAR-uPA infection decreased invasiveness of SNB19 cells
The effect of downregulation of uPAR and uPA levels by Ad-uPAR-uPA infection on the invasiveness of SNB19 cells was studied using a Matrigel model that compared the invasion of infected cells through matrigel coated filters with that of mock and Ad-CMV controls. When cells were seeded at a density of 1 Â 10 6 cells/ml in the upper chamber, the staining of Ad-uPAR-or AduPAR-uPA-transfected cells that invaded through the Matrigel was significantly less compared to mockinfected and Ad-CMV-infected cells (Figure 3b ). Quantitative analysis of the number of cells invaded through the Matrigel in mock-and Ad-CMV-infected SNB19 cells was considered 100%. Therefore, only 25% and 10% of cells invaded through the Matrigel in Ad-uPAR-and Ad-uPAR-uPA-infected cells. The effect of Ad-uPAR-uPA infection on the invasiveness of SNB19 was also studied using a spheroid model. In these experiments, the invasion of Ad-uPAR-uPA-transfected cells into fetal rat brain aggregates was compared with that of cells infected with Ad-CMV. The invasion of glioma spheroids infected with Ad-uPAR-uPA showed a marked decrease in invasion from that of glioma spheroids infected with Ad-CMV during cocultures with fetal rat brain aggregates (Figure 4a ). Glioma spheroids infected with Ad-CMV progressively invaded by approximately 90-95% at 72 h. However, glioma spheroids infected with Ad-uPAR-uPA at 25, 50 and 100 MOI in cocultures with fetal rat brain aggregates invaded by only 15-5% at 72 h. These results show that the bicistronic construct containing both antisense molecules for uPAR and uPA inhibited invasion by almost 90% at 25 MOI. 
Ad-uPAR-uPA inhibited tumor formation and caused tumor regression in nude mice
Having demonstrated that Ad-uPAR-uPA infection decreased migration, invasion, and angiogenesis in SNB19 cells in vitro, we investigated the effect of this Ad-uPAR-uPA on the growth of two glioblastoma cell lines in nude mice. An SNB19 variant that expresses green fluorescent protein (GFP) was infected with mock, Ad-CMV or Ad-uPAR-uPA (100 MOI) and then injected intracerebrally into nude mice. All 10 of the mice in each group injected with noninfected cells and Ad-CMV-infected cells developed tumors while none of the animals injected with Ad-uPAR-uPA-infected cells developed tumors over a 4-5 weeks follow-up period (Figure 4c ). Quantitation of tumor size showed a significant reduction (Po0.001) in Ad-uPAR-uPAinfected cells compared to mock-and Ad-CMV-infected cells (Figure 4d ). This represented more than 40-fold reduction in the tumor volume when compared to untreated controls or Ad-CMV-infected cells. In a separate experiment, 4 Â 10 6 U87 MG glioblastoma cells were injected subcutaneously in nude mice. After the tumors reached 5 mm in diameter (6-8 days), they were injected every third day with a total of three doses of either Ad-CMV or Ad-uPAR-uPA (1 Â 10 9 PFU). All 10 mice with the Ad-uPAR-uPA-injected vector showed tumor regression beginning on the fourth day after the second injection and continuing for 16 days, at which approximately 80% of inhibition was seen relative to the Ad-CMV-injected tumors ( Figure 5 ). By 24 days, inhibition was approximately 95% relative to the subcutaneous tumors that had been injected with the Ad-CMV.
Discussion
In this study we used an Ad-uPAR construct and a bicistronic Ad-uPAR-uPA construct that express either antisense uPAR or antisense uPAR plus antisense uPA to infect SNB19 glioma cells, cultured in the presence or absence of vitronectin, in an attempt to retard the invasiveness of glioma cells. Western blot analysis and zymography confirmed that Ad-uPAR-uPA could significantly downregulate the expression of both uPAR and uPA. The production of pro-uPA and its subsequent activation to uPA by its interaction with uPAR is an important step in glioma cell invasion, as it is required for efficient activation of plasmin to plasminogen and ECM degradation (Ellis and Dano, 1993) . The Inhibition of glioma invasion and growth by antisense uPAR and antisense uPA CS Gondi et al downregulation of both uPA and uPAR would be an efficient way to circumvent the possibility of uPAR-independent, uPA-mediated plasminogen activation (Bugge et al., 1996; Carmeliet et al., 1998) .
Our immunohistochemical results clearly showed that infecting SNB19 cells with Ad-uPAR or Ad-uPAR-uPA led to a significant reduction in cellular uPAR and uPA levels. The growth characteristics of the cells also seem to have changed; the cell density of the Ad-uPAR-uPAinfected cells was less than that of the control cells (data not shown). This effect could be explained by findings that downregulation of Ad-uPAR causes partial cell arrest in G0/G1 (Fibbi et al., 1998; Aguirre Ghiso et al., 1999; Adachi et al., 2002; Kjoller, 2002) . Results of our migration studies showed little or no migration of cells from the spheroids consisting of cells infected with 100 MOI of Ad-uPAR-uPA. However, some migration of cells was seen from the spheroids of cells infected with 100 MOI of Ad-uPAR, suggesting that uPAR and uPA are both required for migration. Moreover, spheroids of cells infected with Ad-uPAR-uPA did not attach to vitronectin-coated surfaces. uPAR is a glycosyl phosphatidylinositol-linked protein that engages in multiple lateral protein-protein interactions (Waltz et al., 1997) . In addition to its role in adhesion, uPAR is also associated with many other proteins involved in signal transduction pathways (Kook et al., 1994; Koshelnick et al., 1997; Dumler et al., 1998; Blasi, 1999) . A physical association between uPAR and the av chain of the vitronectin receptor leads to functional interaction of these receptors, suggesting that uPAR directs cytoskeletal rearrangement and cell migration by altering avb5 signaling specificity (Kjoller, 2002) . Our findings confirm previous reports that both uPAR and uPA are required for cell migration in a vitronectin environment (Busso et al., 1994) . The report of functional coupling between avb5 and ligand-activated uPAR is instrumental in gaining insight into the role of integrins in uPAR-dependent signaling (Busso et al., 1994) . uPAR also has the ability to activate protein kinase C and the formation of diacylglycerol (Busso et al., 1994; Fibbi et al., 1998) . As a three-domain protein, uPAR can undergo limited cleavage that exposes a sequence between domains 1 and 2 that has been shown to induce signaling and chemotaxis (Kjoller, 2002) . This plasticity of uPAR and its dynamic interaction with adapter proteins may be responsible for the observed multiplicity of signaling pathways and biological outcomes mediated by uPAR (Sturge et al., 2002) . The role of uPA in adhesion has been demonstrated by a dose-dependent stimulation of adhesion to vitronectin by single-chain uPA. In addition, adhesion of cells to vitronectin was completely inhibited by EDTA and RGD but was restored to 40% of the control levels in the presence of uPA (Chang et al., 1998) . This observation substantiates our findings that spheroids of Ad-uPAR-uPA-infected cells did not attach to vitronectin-coated plates, even after 72 h. Traditionally, integrins have been thought of as the major cellular receptors mediating adhesion (Lafrenie et al., 1992) while vitronectin has been shown to mediate cell migration in vitro, suggesting that cells may use vitronectin to adhere and migrate.
The ability of spheroids of Ad-uPAR infected cells to attach and migrate on vitronectin-coated plates and the inability of Ad-uPAR-uPA-infected spheroids to do so may reflect the fact that uPAR and uPA form a feedback loop in which one causes the upregulation of the other. Hence, simultaneous downregulation of both uPA and uPAR would completely block this feedback loop, whereas downregulation of uPAR alone may not, perhaps because of residual amounts of uPAR on the cell surface. uPA is induced not only by uPAR but also by other factors such as insulin growth factor 1, and its induction depends on phosphotidyl inositol 3 kinase and MAPK (Sieuwerts et al., 2002) . Thus, the downregulation of both uPAR and uPA may not provide sufficient signaling for other molecules involved in attachment. We also observed that downregulation of both uPAR and uPA retarded the invasiveness of glioma cells through Matrigel, in contrast to the complete lack of migration and attachment of the Ad-uPAR-uPA infected cell spheroids. This difference probably reflects the use of vitronectin for the spheroid migration assay and the use of Matrigel in the invasion assay. Matrigel is a solubilized basement membrane prepared from EHS mouse sarcoma, the major components of which are laminin, collagen IV, heparansulfate-proteoglycans, enactin, and nidogen. Various other components like TGF-b, fibroblast growth factor, tissue plasminogen activator, and other growth factors associated with mouse sarcoma tumors are also present (Kleinman et al., 1982) . These other components probably provide the means for attachment to receptors on the cell surface, and thus the means for invasion to occur. The presence of tissue plasminogen activator in Matrigel probably induces the activation of plasmin to plasminogen in order to degrade the Matrigel matrix and facilitate invasion. Our finding that downregulation of both uPA and uPAR reduced the invasiveness of glioma cells confirms the significance of both uPA and uPAR in the invasive behavior of glioma cells. In the absence of uPA and uPAR, other factors may play a role in invasion and migration, but to a lesser extent.
In this investigation, we successfully targeted both uPAR and uPA, reducing the effect of uPAR-independent activation of uPA and retarding the attachment of glioma cells to the ECM, thereby disabling glioma invasion. The disruption of the interaction between uPAR and uPA at the cell surface is known to block the activation of plasminogen and urokinase, preventing subsequent activation of the proteolytic cascade required for invasion (Estreicher et al., 1990) . Previous studies using mice lacking the gene for uPA showed that tumor development is retarded in a uPA-deficient environment (Gutierrez et al., 2000) .
Our in vitro findings indicated that the simultaneous downregulation of both uPA and uPAR inhibited glioma cell invasiveness and angiogenesis. It has been reported that loss of PAI-1 in the host results in the enhanced adhesion of uPAR-bearing endothelial cells to the ECM protein vitronectin, which adversely affects cell motility and resultant neovascularization (Gutierrez et al., 2000) . Moreover, maintaining a balance between cell adhesion and proteolytic-mediated detachment through regulation of uPA activity may be necessary for protecting the neovascular tissue (Gutierrez et al., 2000) . Several antagonistic peptides identified by bacteriophage display as blocking uPA binding have been shown to inhibit angiogenesis and primary tumor growth in syngeneic nude mice (Min et al., 1996) . In another study, the Ad-mediated expression of a secreted antagonist of murine uPA/uPAR was shown to suppress angiogenesis-dependent tumor growth and dissemination in mice (Li et al., 1998) . Our results showed that both uPA and uPAR are required for vascularization. Therefore, a reduction in the levels of these proteins suppresses angiogenesis.
Our in vivo findings established that infecting SNB19 cells with Ad-uPAR-uPA prevents those cells from forming tumors after intracranial injection in nude mice and suppresses subcutaneous tumor growth in already established subcutaneous tumors. Conversely, reducing uPAR levels by using antisense oligonucleotides was also found to inhibit tumor growth, invasion and metastasis in some cancers (Kook et al., 1994) . Downregulation of uPAR expression with an antisense strategy produced a protracted period of dormancy in human epidermoid carcinoma cells (Yu et al., 1997) . Our previous results indicated that infection of SNB19 cells with Ad-uPAR alone causes the cells to arrest in G0/G1, thereby retarding or suppressing tumor establishment or progression. Although episomal expression of genes through the use of Ad vectors typically does not last for more than a week, intracranial tumors failed to appear even after 5 weeks in our experiments. This finding may reflect a need for the cells to attach to the ECM and become established quickly after injection.
In conclusion, we report that the downregulation of uPAR and uPA effectively reduced the invasiveness, migration, ECM attachment, and angiogenesis of glioma cells in vitro and abrogated the tumorigenicity of these cells in vivo. Hence, targeting two components of a single system can have a synergistic effect rather than merely being additive. Taken together, our present data strongly support the therapeutic value of downregulating uPAR and uPA using an adenovirus bicistronic construct.
Materials and methods

Construction of Ad-uPAR-uPA
We previously constructed an adenovirus expressing an antisense message for the uPAR gene using a pAd-uPAR vector containing a 300-bp DNA fragment of the 5 0 end of the uPAR gene in the antisense orientation with a CMV promoter and the polyadenylation signal of bovine growth hormone (BGH) (Mohan et al., 1999) . This vector was used to construct the Ad-uPAR-uPA bicistronic vector as follows. We subcloned an antisense uPA sequence that was complementary to 1020 bp of the 3 0 end of the uPA cDNA sequence between the NotI and XhoI sites of PcDNA3. This fragment was polymerase chain reaction (PCR)-amplified using plaque-forming units (PFU) polymerase-specific primers with SalI sites incorporated into the primers (Table 1 ). The amplified product was digested with SalI to generate sticky ends and cloned downstream of the CMV-uPAR-SV40 construct in the Ad-uPAR vector (SV40, simian virus type 40). The sequence of the resulting clone pAduPAR-uPA was confirmed and this plasmid construct was cotransfected with the 40-50-kb pJM17 vector into human embryonic kidney 293 cells to isolate recombinant adenoviruses (Graham and Prevec, 1991) . Recombinant virus plaques were identified and amplified by PCR using primers specific for CMV and SV40 polyadenylation signals. The recombinant virus was purified by ultracentrifugation in cesium chloride step gradients (Graham and Prevec, 1991) . The direction of orientation was determined by partial sequencing from the end of the uPAR antisense sequence. Clones with antisense uPAR and antisense uPA in the same direction were used. The viral DNA was also sequenced to confirm the configuration of the expression cassette. The control virus Ad-CMV has a CMV promoter and a BGH polyadenylation signal but no gene insert in the E1-deleted region.
Cell culture and infection conditions
We used the established human glioma cell line SNB19 for this study. Cells were grown in Dulbecco's modified Eagle medium/F12 medium (1 : 1, v/v) supplemented with 10% fetal calf serum in a humidified atmosphere containing 5% CO 2 at 371C. Viral stocks were suitably diluted in serum-free medium to obtain the desired MOI or PFU and added to cell monolayers and tumor cell spheroids (1 ml/60 mm dish or 3 ml/100 mm dish) and incubated at 371C for 30 min. The Inhibition of glioma invasion and growth by antisense uPAR and antisense uPA CS Gondi et al necessary amount of culture medium with 10% fetal calf serum was added and the cells were incubated for the desired periods.
Immunoblot analysis
Total cell lysates were prepared in extraction buffer containing Tris (0.1 M (pH 7.5)), Triton-X114 (1.0%), EDTA (10 m), aprotinin, and phenylmethylsulfonyl fluoride as described previously (Mohan et al., 1999) . The extracts were incubated at 371C for 5 min and centrifuged to separate the lower (detergent) phase that contains mainly hydrophobic membrane proteins including the glycosylphosphatidylinositol-anchored uPAR. Subsequently 20 mg of protein from these samples was separated under nonreducing conditions by 15% SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH, USA). The membranes were probed with polyclonal antibodies to uPAR (399 American Diagnostics, Inc., Greenwich, CT, USA) and secondary antibodies (anti-rabbit-horseradish peroxidase) as required and developed according to the enhanced chemiluminescence protocol (Amersham, Greenwich, CT, USA). For loading control, samples were SDS-PAGE-separated under reducing conditions and probed with monoclonal antibodies for b-actin.
Zymography
SNB19 cells were infected with the indicated MOI of Ad-CMV, Ad-uPAR, or Ad-uPAR-uPA. The conditioned media and the cell extracts were collected, and fibrin zymography was used to detect uPA as previously described (Yamamoto et al., 1994) . Fibrin zymograms were prepared with the conditioned media as described previously (Chintala et al., 1998) .
Immunohistochemical analysis
SNB19 cells (1 Â 10 4 /well) were seeded on vitronectin-coated eight-well chamber slides, incubated for 24 h, and infected with 100 MOI of Ad-CMV, Ad-uPAR, or Ad-uPAR-uPA. After another 72 h, cells were fixed with 3.7% formaldehyde and incubated with 1% bovine serum albumin in phosphatebuffered saline (PBS) at room temperature for 1 h for blocking. After the slides were washed with PBS, either mouse IgG antiuPAR (rabbit) or IgG anti-uPA (mouse) was added at a concentration of 1 : 500, and the slides were incubated at room temperature for 1 h and washed three times with PBS to remove excess primary antibody. Cells were then incubated with anti-mouse Texas red conjugate or anti-rabbit fluorescein-5-isothiocyanate (FITC) conjugate IgG (1 : 500 dilution) for 1 h at room temperature and then washed three times. The slides were covered with glass coverslips and fluorescent photomicrographs were taken.
In vitro angiogenesis assay SNB19 cells (2 Â 10 4 /well) were seeded in eight-well chamber slides and infected with the indicated MOI of Ad-CMV, AduPAR, or Ad-uPAR-uPA. After 24 h of incubation, the medium was removed, 4 Â 10 4 human dermal endothelial cells were added, and the cells were allowed to coculture for 72 h. Cells were then fixed in 3.7% formaldehyde, blocked with 2% bovine serum albumin, and the endothelial cells were stained with factor VIII antigen (DAKO Corp., Carpinteria, CA, USA). The cells were then washed with PBS and incubated with an FITC-conjugated secondary antibody for 1 h. The cells were washed and the formation of tubular capillary-like structures, an indicator of angiogenesis, was assessed by confocal scanning laser microscopy.
Migration of Cells from Spheroids
Migration was assayed according to a previously described method (Mohan et al., 1999) with modifications. Spheroids of SNB19 cells were prepared by seeding a suspension of 2 Â 10 6 cells in Dulbecco's modified Eagle medium on 100 mm tissue culture plates coated with 0.75% agar and culturing them until spheroid aggregates formed. Spheroids measuring B150 mm in diameter (about 4 Â 10 4 cells/spheroid) were selected and infected with PBS (mock condition) or adenovirus vectors (Ad-CMV, Ad-uPAR, or Ad-uPAR-uPA) at 100 MOI. At 3 days after infection, a single glioma spheroid was placed in the center of each well in vitronectin-coated 96-well microplates, and 200 ml of serum-free medium was added to each well. Spheroids were cultured at 371C for 72 h, after which the spheroids were fixed and stained with Hema-3, and cellular migration from the spheroids was assessed under light microscopy.
Matrigel invasion assay
Invasion of glioma cells in vitro was measured by the invasion of cells through Matrigel-coated (Collaborative Research, Inc., Boston, MA, USA) transwell inserts (Costar, Cambridge, MA, USA). Briefly, transwell inserts with 8 mm pores were coated with a final concentration of 1 mg/ml of Matrigel, cells were trypsinized, and 200 ml aliquots of cell suspension (1 Â 10 6 cells/ ml) were added in triplicate wells. After a 24 h incubation, cells that passed through the filter into the lower wells were quantified as described elsewhere (Mohan et al., 1999; Mohanam et al., 1993) and expressed as a percentage of the sum of cells in the upper and lower wells. Cells on the lower side of the membrane were fixed, stained with Hema-3, and photographed.
Glioma Spheroids
Multicellular spheroids consisting of SNB19 cells were cultured in 35 mm Petri dishes base-coated with 0.75% Noble agar prepared in Dulbecco's modified Eagle medium. Briefly, 3 Â 10 6 cells were suspended in 10 ml of medium, seeded onto the plates, and cultured until spheroids formed. Spheroids, 100-200 mm in diameter, were selected and infected with the indicated MOI of Ad-CMV, Ad-uPAR, or Ad-uPAR-uPA. At 3 days after infection, tumor spheroids were stained with the fluorescent dye 1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate (DiI) and confronted with fetal rat brain aggregates that were stained with 3,3 0 -dioctadecyloxacarbocyanine perchlorate (DiO). The progressive destruction of fetal rat brain aggregates and invasion of SNB19 cells were observed by phase contrast microscopy and photographed as described previously (Go et al., 1997) .
Animal experiments
For the intracerebral tumor model, SNB19 cells that express GFP were infected in culture with PBS (mock), Ad-CMV, or Ad-uPAR-uPA (100 MOI) for 5 days, trypsinized, counted, and intracerebrally inoculated into nude mice. Six mice were killed 4 weeks after tumor inoculation from each group by cardiac perfusion with paraformaldehyde, their brains were removed, and frozen sections were prepared and observed for GFP fluorescence. The 3-5 mm sections were blindly reviewed and scored semiquantitatively for the size of the tumor in each case. The average cross-sectional diameter was used to calculate tumor size and compared between the controls and treated groups. The variation between the sections in each group was less than 10% for the tumor regression experiments. U87MG cells (5 Â 10 6 cells) were subcutaneously injected into nude mice. After 8 days, when tumors had reached 4-5 mm in diameter, the mice were injected with PBS (mock), Ad-CMV, or Ad-uPAR-uPA (5 Â 10 8 PFU) intratumorally every other day for a total of five injections. Tumor size was measured every second day and tumor volume was calculated from the formula 1/6P (R max ) 2 Â (R min ) 2 , where R max and R min are the maximum and minimum tumor radii, respectively.
Abbreviations uPA, urokinase-type plasminogen activator; Urokinase-type plasminogen receptor (uPAR); Ad, adenovirus; CMV, cytomegalovirus; BGH, bovine growth hormone; SV40, simian virus type 40; PCR, polymerase chain reaction; MOI, multiplicities of infection; PFU, plaque-forming units; PBS, phosphate-buffered saline; FITC, fluorescein-5-isothiocyanate; DiI, 1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate; DiO, 3,3 0 -dioctadecyloxacarbocyanine perchlorate; GFP, green fluorescent protein; ECM, extracellular matrix; PAR, plasminogen activator receptor.
